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A new and facile approach is presented for generating quasi-regular patterns of transition metal-based
nanoparticles on flat substrates exploiting polystyrene-block-poly2vinyl pyridine (PS-b-P2VP) micelles as
intermediate templates. Direct loading of such micellar nanoreactors by polar transition metal salts in
solution usually results in nanoparticle ensembles exhibiting only short range order accompanied by
broad distributions of particle size and inter-particle distance. Here, we demonstrate that the use of
P2VP homopolymers of appropriate length as molecular carriers to transport precursor salts into the
micellar cores can significantly increase the degree of lateral order within the final nanoparticle arrays
combined with a decrease in spreading in particle size. Thus, a significantly extended range of materials
is now available which can be exploited to study fundamental properties at the transition from clusters
to solids by means of well-organized, well-separated, size-selected metal and metal oxide nanostructures.Introduction
Well-separated (i.e. non-interacting) inorganic nanostructures
on surfaces continue to attract intense research interest since
they allow the study of many of the fascinating properties of
nanomaterials that can be distinctly different from their bulk
counterparts. Among them, size-selected nanoparticles have
already demonstrated their potential to address fundamental
questions regarding, e.g., catalysis,1–3 chemical reactivity,4,5
magnetism,6 plasmonics,7,8 nanotube9 and nanowire10,11
growth, the adhesion of cells,12,13 the alignment of DNA,14 and
the exploitation as waveguides15 rendering themselves highly
attractive for a large variety of applications. To effectively elab-
orate such issues and enable related applications, one of the key
ingredients required is the ability to integrate a large number of
size-selected nanoparticles into ordered arrays on aselt University, Wetenschapspark 1, 3590
n@uhasselt.be
etism, KU Leuven, Celestijnenlaan 200D,
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hemistry 2014technologically relevant substrate, where the particle size and
inter-particle spacing can be tuned accordingly. To this end,
exploiting the self-assembly of block copolymers (BCPs)
provides bottom-up synthetic routes that are cost-effective in
delivering nanostructures with characteristic dimensions below
20 nm.16–22 The BCP-derivedmicellar technique19,23makes use of
precursor salt-loaded BCP micelles formed in a selective solvent
as intermediate building blocks. This way, periodic ensembles
of nanostructures can be achieved by transferring micellar
monolayers to substrate surfaces.19,23,24 Here, convenient
control over particle size and interparticle distance can be
attained via the amount of precursor salt added to the micellar
core and the length of the polymer chains forming the micellar
nanoreactors.19,23 Yet, owing to the complex nature of the
interaction between the precursor salt and the micellar nano-
reactors in the solution, the preparation of ordered arrays of
size-selected transition metal-based nanoparticles via this
approach is still not well established, despite their technolog-
ical relevance.
Here, we report a facile new approach which pushes the
micellar method towards a wider spectrum of material systems
including transition metals and their oxides. Whereas the
conventional micellar technique involves directly adding an
appropriate precursor salt to a solution containing pre-formed
micellar assemblies, our new method makes use of pre-loaded
homopolymers as molecular carriers for the homogeneous
loading of micellar nanoreactors with the metal precursor. ThisJ. Mater. Chem. C, 2014, 2, 701–707 | 701
Fig. 1 AFM images demonstrating the poor lateral order of micellar
monolayers on Si substrates loaded directly into solution with FeCl3 (a)
and NbCl5 (b) metal precursors (‘conventional’ technique). Using our
new approach, a significantly improved lateral order can be achieved
for both FeCl3 (c) as well as NbCl5 (d) loaded micelles. The insets
represent the auto-covariance functions of the corresponding AFM
images.
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View Article Onlineleads to the deposition of size-selected inorganic nanoparticles
into arrays with signicantly increased medium-range order,
even for transition metals. To demonstrate the new approach,
two distinctly different transition-metal systems have been
prepared (iron and niobium), motivated by their fundamental
importance in magnetism and superconductivity, as well as the
increasing potential of their oxides in applications related to
photocatalysis,25–29 photovoltaics,30 biosensing,31 environmental
remediation,32 and lithium ion batteries.33
Experimental
All polymers were purchased from Polymer Source Inc. (Can-
ada). To prepare a typical solution, 25 mg polystyrene-block-
poly2vinyl pyridine (PS-b-P2VP) was dissolved in 5 ml toluene
and stirred for 3 days at room temperature in order to allow the
formation of reverse micelles. Simultaneously, 10 mg homo-
polymer poly2vinylpyridine (hP2VP) was mixed with metal
precursors in 1 ml toluene and stirred for 3 days as well, to load
the homopolymers by complexation. The precise amount of salt
(which in fact controls the size of the nal nanoparticles) was
adjusted to yield a loading ratio (LR) of the hP2VP strands (ratio
between the number of metal ions and pyridine units) of
LR ¼ 0.3 for FeCl3 and LR ¼ 0.18 for NbCl5. Both values
represent the maximum metal salt concentration which still
allows deposition of micellar arrays with excellent hexagonal
order. It is worth mentioning that both numbers are well below
the loading ratio of 0.5 observed for the direct loading of
micelles with metal salts.19,23
This resulting precursor salt–h2VP mixture was then added
to the 5 ml micellar solution and stirred for another week. In
contrast, following the conventional approach, a metal salt was
directly added to pre-formed micellar solutions and stirred for
one more week aerwards. Si wafers were then dip-coated in the
different solutions aer ltration to produce micellar mono-
layers,19,23,24,34 which were subsequently exposed to radio-
frequency (RF) oxygen plasma (30 W, 0.02 mbar, 250 C) for
30 min. This allowed removal of all organic parts of the micellar
structures as proven by in situ chemical analysis using X-ray
Photoelectron Spectroscopy (XPS). AFM measurements were
carried out in air using a Digital Instrument Nanoscope IIIa
SPM operated in tapping mode. Particle analysis including the
calculation of the auto-covariance functions was performed
using Nanoscope soware version 5.
Results and discussion
The challenge one has to face when using the conventional
micellar technique for the deposition of transition metal-based
nanoparticle ensembles is illustrated in Fig. 1a and b. Experi-
mentally, a representative amphiphilic BCP system commonly
used in this technique, PS-b-P2VP, with block lengths
PS(32 500)-b-P2VP(7800) (the numbers in brackets indicate the
molecular weight in g mol1) was dissolved in toluene to form
reverse spherical micelles with PS forming the shell and P2VP
forming the core. Subsequently, the micelles were loaded with
metal salt precursors (FeCl3 and NbCl5). Driven by the702 | J. Mater. Chem. C, 2014, 2, 701–707incompatible polarity between toluene (nonpolar) and the
metal salt (polar), the precursor ions diffuse into the micellar
cores and interact through coordination bonds with several
pyridine sites. Such polydentate interactions, including intra-
and inter-molecular cross-linking of P2VP blocks,35–37 result in
strongly perturbed molecular conformations37 and thus might
inuence the morphology of the pristine (unloaded) micelles.
Consequently, aer their deposition onto a substrate, a large
distribution in size and shape of micellar aggregates can be
anticipated leading to irregular patterns lacking any degree of
order. Such a behavior can indeed be observed in the AFM
images presented in Fig. 1a and b for the two different precursor
salts, with the corresponding auto-covariance functions lacking
even short-range order (see insets).
To overcome this unsatisfactory situation, a new procedure
has been developed as outlined in Scheme 1. Firstly, PS-b-P2VP
is dissolved in toluene and stirred for 3 days to allow the
formation of reverse micelles (a). Simultaneously, hP2VP is
mixed with an appropriate amount of metal precursor and
toluene in a separate vial, also stirred for 3 days to allow
complex formation between the metal salt ions and the pyridine
units (b). Subsequently, the metal salt-loaded hP2VP solution is
added to the BCP micellar solution and stirred for another week
(c). Finally, a monolayer of homopolymer- and, thus, metal salt-
loaded micelles is deposited onto a Si substrate by dip-coating
yielding ordered arrays of inorganic nanoparticles aer a
subsequent plasma treatment (d).
In order to allow a direct comparison between our new
approach and the ‘conventional’ micellar technique, the same
type of micellar solutions as presented in Fig. 1a and b (exceptThis journal is © The Royal Society of Chemistry 2014
Scheme 1 Illustration of the basic steps of the new method: first,
reverse micelles are formed from PS-b-P2VP diblock copolymers after
dissolution in toluene (a); simultaneously, hP2VP strands are hybrid-
ized in a separate vial with an appropriate metal-salt precursor (b);
subsequently, themicellar solution is mixed with the precursor-loaded
hP2VP strands, which serve as nanocarriers to transfer the metal salt
into the micellar cores (c); finally, the loaded micelles are transferred
onto a substrate by dip-coating, resulting in ordered arrays of inor-
ganic nanoparticles after plasma treatment (d).
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View Article Onlinetheir loading with metal salts) were prepared. Simultaneously,
hP2VP(5000) was dissolved in toluene and loaded with FeCl3
(NbCl5) salt according to the procedure depicted in Scheme 1b.
Owing to its incompatibility with toluene, the homopolymer
hP2VP(5000), being chemically identical to the polymer block
forming the micellar core, is expected to easily diffuse into the
micellar nanoreactors in order to reduce the total interfacial
energy of the system.38 Once loaded with the FeCl3 (NbCl5)
precursor salt, an even increased driving force for this diffusion
is expected because of the polar character of the metal salt. As
now the metal ion precursors are already coordinated before-
hand by the homopolymer hP2VP, they are not expected to form
additional coordination bonds with the P2VP blocks forming
the micellar cores. This should help to avoid the morphological
distortion observed in the case of direct loading. The resulting
micellar monolayers (deposited onto Si substrates) derived via
the new approach for both types of metal salts are presented in
Fig. 1c and d. Clearly, a signicantly improved array quality can
be recognized exhibiting even hexagonal medium-range order
as evidenced by the corresponding auto-covariance functions
(see insets).
As the spatial distribution of homopolymer molecules within
equivalent blocks in microphase-separated polymer blendsThis journal is © The Royal Society of Chemistry 2014strongly depends on their molecular weight,39–43 the impact of
the chain length of the hP2VP precursor carriers on the lateral
order of the resulting micellar monolayers has been studied in
more detail. For this purpose, and to demonstrate the applica-
bility of the new approach for larger micellar structures based
on longer diblock-copolymer chains as well, a different BCP
system of PS(185 000)-b-P2VP(90 000) is exploited. As homo-
polymers with molecular weights exceeding that of the equiva-
lent block cause markedly decreased solubility within the
microdomains and even lead to macro-phase separation,40,44
two different degrees of polymerization were chosen for the
hP2VP molecules, one with similar chain length hP2VP(97 000)
and one with signicantly shorter length hP2VP(1200). The
resulting micellar arrays are presented in Fig. 2. Here, utilizing
short hP2VPmolecules as carriers for the homogeneous loading
of micellar nanoreactors with transition metal-based salts is
found to completely fail (Fig. 2a and b) as similarly observed in
the case of direct loading (Fig. 1a and b). However, if a chain
length is chosen for the homopolymer that matches the block
length of the P2VP block forming the micellar core, excellent
hexagonal medium-range order is obtained for both precursor
salts (Fig. 2c and d). In order to demonstrate the signicant
improvement in array quality achievable using our new tech-
nique, an AFM image has been added (Fig. 2e) presenting the
results shown in Fig. 2c at a larger scale (10  10 mm2). Clearly,
individual domains with a high degree of lateral order can be
detected thereby outranging, to the best of our knowledge, all
previous reports on transition-metal based micellar arrays
deposited aer directly loading the precursor salt in solution.
Since inorganic nanostructures arising from salt-loaded
micellar monolayers represent our nal goal, optimized in situ
plasma procedures developed earlier4,19,23,45 were applied to
completely remove all organic constituents as evidenced by in
situ XPS measurements. Fig. 3 summarizes AFM results (a–d)
together with extracted particle size distributions (e–h) aer
plasma treatment of the different micellar arrays presented in
Fig. 2a–d. Obviously, using the signicantly lower molecular
weight of hP2VP(1200) carriers (as compared to the
P2VP(90 000) blocks forming the micellar cores) not only dete-
riorates the hexagonal order of the different micellar mono-
layers (Fig. 2a and b), but also leads to highly disordered arrays
of nanoparticles (Fig. 3a and b) accompanied by rather broad
particle-size distributions (Fig. 3e and f) thus rendering size-
selection impossible. In clear contrast, size-selection together
with hexagonal medium-range order can be achieved for the
resulting nanoparticle array if hP2VP(97 000) molecules are
used as carriers to load the corresponding micellar cores.
Consequently, arrays of well-separated, size-selected transition-
metal based nanoparticles with unprecedented lateral order are
now available representing a crucial pre-requisite to study their
size-dependent physical and chemical properties.
It is worth mentioning that the inferior size distribution
observed when using hP2VP(1200) molecules cannot be char-
acterized by means of a Gaussian prole. The reason for this is
that homopolymers having low molar mass are known to be
distributed uniformly in the corresponding domains in a BCP–
homopolymer system, with a considerable amount still le inJ. Mater. Chem. C, 2014, 2, 701–707 | 703
Fig. 3 AFM images (a–d) and size distributions (e–h) of iron oxide (a, c,
e and g) as well as niobium oxide (b, d, f and h) nanoparticles obtained
after oxygen plasma treatment of micellar monolayers prepared using
hP2VP(1200) (left row) and hP2VP(97 000) (right row) as carriers for
the metal salts. Assuming Gaussian profiles, average particle diameters
of 7.0  0.66 nm (g) and 3.0  0.45 nm (h) can be derived for the
different material systems.
Fig. 2 AFM images and related auto-covariance functions (insets) of
micellar patterns obtained from PS(185 000)-b-P2VP(90 000) based
solutions that are loaded by FeCl3 and NbCl5, using hP2VP(1200) (a and
b) and hP2VP(97 000) (c and d) as precursor carriers; (e) represents a
larger scan range of the sample shown in (c).
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View Article Onlinethe continuous phase (the solvent).46 Consequently, during the
transfer of micelles from solution to a substrate by dip-coating,
homopolymer molecules loaded with metal salts will also be
deposited within inter-micellar regions resulting in the forma-
tion of small clusters aer plasma treatment. On the other
hand, as hP2VP(97 000) has a molecular weight comparable to
the P2VP(90 000) block, it will be conned to the micellar core
with a distribution which peaks at the centre of the core40 thus
avoiding random deposition from the solvent during deposition
on a substrate. Hence, for a precise control of the mono-
dispersity of the resulting nanoparticle ensembles, the molec-
ular weight of the hP2VP carrier should not deviate too much
from that of the P2VP bock within the micellar nanoreactor.
When exploiting our new technique, high quality arrays can be704 | J. Mater. Chem. C, 2014, 2, 701–707expected in the future for a variety of transition-metal based
nanoparticle systems which now start to compete in array
quality with Au nanoparticle ensembles,19,23,47 the latter repre-
senting the most successful benchmark system which can easily
be synthesized even using the conventional micellar approach.
In order to better understand the interaction between the
metal precursor and the homopolymer, high-resolution XPS
measurements were performed on FeCl3-loaded hP2VP (loading
ratio 0.3) to study the chemical interplay between the involved
species. In this particular case, recent XAFS results unravelling
the interaction of FeCl3 with the core of PS-b-P2VP micellesThis journal is © The Royal Society of Chemistry 2014
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View Article Onlinecould serve as a reference: Fe was found to be tetrahedrally
coordinated by three Cl ions (thus implying an oxidation state
of Fe3+) and, furthermore, to interact with single N atoms (i.e.,
single pyridine units). Consequently, an oxidation state of 3+
could also be anticipated for the iron aer loading this salt to
the homopolymer. In addition, assuming also that each metal
ion interacts with one N atom only, 30% of all ring nitrogen
atoms should be affected according to the loading ratio of 0.3.
Such a behaviour can indeed be observed in Fig. 4a which
presents the N-1s core-level region of salt-loaded hP2VP. Clearly,
two components can be identied at binding energies of 399.5
eV and 402 eV. While the rst can be assigned to N atoms in an
organic matrix (C–N type bonds)48 thus representing pyridine
units not being affected by the metal salt, the latter component
is induced by the interaction between ring N atoms and the
positively charged metal ions inducing a shi towards a higher
binding energy. By integrating the peak areas of both compo-
nents, a spectral weight of the higher binding energy line with
respect to the total N-1s intensity of exactly 30% is obtained,
thus evidencing the complexation of single N atoms by the
metal ions as found for PS-b-P2VP micelles. Fig. 4b provides
additional proof for such a behaviour, as an oxidation state of
3+ can be extracted for the Fe by using the binding energy of the
Fe-2p3/2 core line as a probe. Consequently, the chemical
interaction between the metal salt and the pyridine units isFig. 4 XPS core level spectra acquired on FeCl3-loaded hP2VP (loading
ratio 0.3): N-1s binding energy range revealing 2 components (a) and
Fe-2p3/2 core level region giving evidence for the conservation of the
oxidation state of the Fe after metal–organic complex formation (b).
This journal is © The Royal Society of Chemistry 2014found to be very similar for both systems (h2VP and PS-b-P2VP).
This could be one the reasons why these two systems can easily
join together to form homogeneously mixed, salt-loaded
micellar aggregates in our experiments.
As mentioned earlier, in the case of Nb, a maximum loading
ratio of 0.18 was found experimentally, thus limiting the
resulting nanoparticle size to 3.0 nm. Interestingly enough, aer
the micelles are loaded with the precursor-hybridized hP2VP,
they can take up additional metal salt without being distorted,
which allows the particle size to be further increased while
sustaining the hexagonal order. This, in fact, could be antici-
pated as the P2VP blocks forming a micellar core are also
capable of binding polar metal salts. To demonstrate this point,
additional NbCl5 (loading ratio 0.5 with respect to the diblock
copolymer) was added to the solution which yielded the sample
presented in Fig. 3d–h. First results of such an approach are
shown in Fig. 5, depicting AFM data (a) as well as the corre-
sponding size distribution (b) measured on the nal nano-
particle ensembles. Clearly, this second loading step permits the
increase of the particle size from 3.0  0.43 nm to 8.1  1.0 nm,
while still maintaining a high degree of hexagonal order. Even
though themechanism behind is not fully clear yet, the presence
of salt-hybridized homopolymer chains within the micellar core
seems to improve the stability of the micellar compartment,
making it easier for subsequently added precursor salt to be
homogeneously distributed among (equally-sized) micellar
nanoreactors. Such a stabilizing effect can also be exploited to
synthesize ordered arrays of transition metal-based alloy nano-
particles by using a different type of metal precursor during the
second loading step (to be published elsewhere).Fig. 5 AFM image (a) and related size distribution (b) of nanoparticles
produced by adding additional NbCl5 to a micellar solution which has
been pre-loaded by salt-decorated hP2VP (loading ratio 0.18). Clearly,
the size of the resulting particles is increased without a significant loss
of hexagonal order.
J. Mater. Chem. C, 2014, 2, 701–707 | 705
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View Article OnlineFinally, the question of what makes the difference between
shorter or longer H2VP chains exploited as nanocarriers for the
metal precursor needs to be addressed. Intuitively, a better
performance of shorter hP2VP nanocarriers could be anticipated
due to an enhanced diffusion towards the micellar cores while
passing the network of PS blocks forming the shell. A better
solubility of shorter homopolymer chains within diblock copol-
ymer micelles was indeed found experimentally49,50 and veried
theoretically38 in clear contrast to our experimental ndings.
Hence, it might be speculated that the pre-loading of homopol-
ymer chains with metal salts (thereby strongly increasing their
polar character) might be responsible for the improved storage of
longer chains within the micellar nanoreactors observed here.
However, only a full theoretical treatment of this problem will
allow the underlying effects to be unraveled.
Based on the approach described so far, nanoparticle arrays
with excellent hexagonal order have been achieved for Fe, Nb, as
well as Mo ranging in size between about 1 and 10 nm. The size
can be controlled by the precise amount of precursor salt added
to the homopolymer solution and, eventually (as in the case of
Nb), added to the homopolymer-stabilized micellar solution
within a second loading step. This size range is comparable with
what can be achieved by direct loading of the metal salt into the
micellar cores.19,23 A nice benchmark system for the direct
loading approach is Au, which can also be deposited successfully
into highly ordered nanoparticle arrays using our new method.
Thus, the homopolymer technique seems to be applicable to a
broader range of materials (transition metals and noble metals)
making it an attractive alternative to the currently existing
techniques of direct loading of micellar nanoreactors. It is worth
mentioning that, in the latter case, an exciting new method has
been reported recently51 allowing deposition of nanoparticle
arrays on an unprecedented short time scale.
Conclusion
In conclusion, we have demonstrated a new and facile approach
to prepare well-ordered arrays of transition metal-based inorganic
nanoparticles at surfaces. Using hP2VP of appropriate length as
molecular carriers to transport precursor salts into PS-b-P2VP
micelles signicantly improves the degree of lateral order within
the nal nanoparticle arrays. Thus, a signicantly extended range
of well-organized, well-separated, size-selected metal and metal
oxide nanostructures become available in the future. This opens
exciting new opportunities to study the fundamental properties of
nanostructures at the transition from clusters to solids, where
well-dened particle sizes and inter-particle spacings are of
crucial importance like in optics, catalysis, and magnetism.
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